Negative-feedback loops between transcription factors and repressors in responses to xenobiotics, oxidants, heat, hypoxia, DNA damage, and infection have been described. Although common, the function of feedback is largely unstudied. Here, we define a negative-feedback loop between the Caenorhabditis elegans detoxification/antioxidant response factor SKN-1/Nrf and its repressor wdr-23 and investigate its function in vivo. Although SKN-1 promotes stress resistance and longevity, we find that tight regulation by WDR-23 is essential for growth and reproduction. By disabling SKN-1 transactivation of wdr-23, we reveal that feedback is required to set the balance between growth/reproduction and stress resistance/longevity. We also find that feedback is required to set the sensitivity of a core SKN-1 target gene to an electrophile. Interestingly, the effect of feedback on target gene induction is greatly reduced when the stress response is strongly activated, presumably to ensure maximum activation of cytoprotective genes during potentially fatal conditions. Our work provides a framework for understanding the function of negative feedback in inducible stress responses and demonstrates that manipulation of feedback alone can shift the balance of competing animal processes toward cell protection, health, and longevity. P rotective responses to cellular stress are coordinated by inducible transcription factors. Tight regulation of stress responses is essential, because they may have consequences for important processes such as growth, development, and reproduction. Negative feedback is a fundamental strategy for regulation of homeostatic processes at all levels of physiology. Simple two-component negative-feedback loops in which a transcription factor induces the expression of an interacting protein that represses the transcription factor are found within responses to diverse stressors, including DNA damage (1), oxidants (2), hypoxia (3), heat shock (4), and infection (5). Although the general importance of repression is recognized, the regulatory and physiological importance of feedback is unexplored.
P
rotective responses to cellular stress are coordinated by inducible transcription factors. Tight regulation of stress responses is essential, because they may have consequences for important processes such as growth, development, and reproduction. Negative feedback is a fundamental strategy for regulation of homeostatic processes at all levels of physiology. Simple two-component negative-feedback loops in which a transcription factor induces the expression of an interacting protein that represses the transcription factor are found within responses to diverse stressors, including DNA damage (1), oxidants (2) , hypoxia (3), heat shock (4), and infection (5) . Although the general importance of repression is recognized, the regulatory and physiological importance of feedback is unexplored.
The Cap 'n' Collar (CNC) family of transcription factors orchestrates inducible antioxidant and detoxification responses in animal cells (6) . CNC factors activate the expression of genes encoding enzymes that scavenge free radicals, synthesize glutathione, detoxify and export xenobiotics, and repair damage to proteins (6, 7) . CNCs promote longevity in invertebrate models (8) (9) (10) (11) , and increased CNC activity is associated with long-lived and stress-resistant strains of mice (12) . The main inducible CNC in humans is Nrf2, which is a popular chemopreventative target for diverse pathologies, including cancer, neurodegeneration, inflammation, asthma, and aging (13) (14) (15) (16) .
Nrf2 is an unstable protein that is targeted for degradation by KEAP1, a Kelch repeat protein that functions as an adaptor for the CUL3 ubiquitin ligase. Oxidative modification of KEAP1 releases Nrf2 and allows it to accumulate and activate a cytoprotective gene expression program (17) . The keap1 gene was shown to be a transcriptional target of Nrf2 in Drosophila (8) and mammalian Hepa-1 cells (2) , identifying a putative negative-feedback loop. Loss of keap1 is lethal during development in Drosophila and mice and contributes to cell transformation and resistance to chemotherapy in tumors (8, 18, 19) . Although it is clear that KEAP1 repression of Nrf2 is essential, nothing is known about the importance of Nrf2 regulation of the keap1 gene.
Caenorhabditis elegans CNC SKN-1 is also an unstable protein that accumulates during stress and activates cytoprotective genes (10) . We recently determined that C. elegans and other nematodes lack an ortholog of KEAP1 (20) and identified a WD40 repeat protein named WDR-23 as the direct repressor of SKN-1 (21) . Biochemical and genetic evidence suggests that WDR-23 functions to constitutively recruit SKN-1 to a DDB1-CUL4 ubiquitin ligase. Loss of wdr-23 function was shown to increase total levels of SKN-1 protein, increase nuclear accumulation of a SKN-1-GFP fusion protein, activate SKN-1 target genes, increase stress resistance, and extend life span (21) (22) (23) . Although WDR-23 and KEAP1 are from distinct protein families and therefore evolved independently, they function by remarkably similar mechanisms, suggesting that there is an evolutionary advantage to regulating the detoxification/antioxidant stress response with an E3 ubiquitin ligase.
Here, we demonstrate that loss of wdr-23 has broad consequences on important life history traits such as growth, time to maturity, and brood size that are mediated by skn-1. We also show that SKN-1 activates wdr-23 directly by interacting with three binding elements in the promoter. This feedback loop is activated by environmental stress and was conserved for at least the last ϳ100 million years in the Caenorhabditis genus. We mutated SKN-1 binding sites on the wdr-23 promoter to investigate the quantitative role of feedback on the kinetics of cytoprotective gene induction and to define the physiological importance of feedback in vivo. Feedback reduced induction of the core cytoprotective SKN-1 target gene gst-4 by two electrophiles. Importantly, negative feedback was not simply proportional to signal level; it was instead dynamic so that repression was attenuated at high induction levels. Disabling feedback via wdr-23 also shifted the balance of life history traits controlled by SKN-1 so that stress resistance and longevity were enhanced at the expense of growth and reproduction. Our results identify a regulatory loop between SKN-1 and wdr-23 that balances conflicting life history traits and reveal that feedback between an inducible transcription factor and its repressor regulates signaling kinetics and functional outcomes.
lines were obtained. The first three SKN-1 binding elements (SBEs) in this region were mutated as follows to test their requirement for wdr-23 regulation (mutated nucleic acids are underlined): SBE1, ATTGTCAT to AAGCT TAT; SBE2, AATATCAT to AAGCTTAT; and SBE3, AATATCAT to AA GCTTAT.
Single-copy insertions of genomic wdr-23 fragments were conducted with MOS1 transposase expressed constitutively in the gonad as described by others (30, 31) . We used unc-119 rescue as a comarker for integration and peel-1 and red fluorescent protein (RFP) markers as a negative selection for arrays. Mutated and wild-type wdr-23 promoters were cloned into vector pCFJ150 with a full-length fragment of wdr-23 from the start codon through the 3= untranslated region.
Yeast one-hybrid analysis. An ϳ0.5-kb fragment of the wdr-23 promoter (bp Ϫ1024 to bp Ϫ496 relative to the start codon of wdr-23a) containing three putative SKN-1 binding sites was PCR amplified and ligated into the pHISi and the pLacZi vectors (a gift from King L. Chow, Hong Kong University of Science and Technology). Ligation products were transformed, and positive clones were verified by sequencing. Each clone was linearized with either XhoI (pHISi) or ApaI (pLacZi) and used for transformation/integration into the yeast strain YM4271. Integration was confirmed through plating on auxotrophic media. Interaction strength was quantified by measuring ␤-galactosidase activity according to the manufacturer's protocols (Pierce, Thermo Scientific, Rockford, IL).
EMSAs. Full-length skn-1c cDNA with an N-terminal c-myc tag inframe fusion was PCR amplified and expressed using the TnT T7 quickcoupled transcription/translation system for PCR DNA (Promega, Madison, WI). Electrophoretic mobility shift assays (EMSAs) were performed using the LightShift chemiluminescent EMSA kit (Pierce, Rockford, IL) according to the manufacturer's protocol. The complementary 5= biotinylated oligonucleotides containing a single SKN-1 binding element were self-annealed and incubated with 3 l of lysate and 1 g poly(dI·dC) at 4°C for 60 min. The competition assay was performed using a 200-fold molar excess of unlabeled wild-type probes. Samples were separated on a 5% native Mini-Protean Tris-borate EDTA (TBE) precast gel (Bio-Rad, Hercules, CA) and blotted onto a Biodyne B nylon membrane (Pierce, Rockford, IL). All bands were visualized using a FluorChem E imager (ProteinSimple, Santa Clara, CA).
Microscopy. Microscopy images were taken of worms mounted on slides with a BX60 microscope (Olympus America, Center Valley, PA) fitted with an AxioCam MRm cooled CCD camera (Carl Zeiss MicroImaging, Inc., Thornwood, NY). To determine if skn-1 regulated wdr-23, Pwdr-23a::GFP fluorescence was manually and blindly categorized into expression categories. Individual worms were categorized as in previous studies (9, 21, 28) . Low was little to no expression, medium was expression in the anterior or posterior intestine, and high was expression throughout the intestine.
Promoter alignments. MAFFT (v6.814b) algorithm E-INS-i (32) was used to align the genomic sequences upstream from wdr-23 in C. elegans, C. remanei, and C. briggsae. A sequence of 1,075 bases upstream from C. elegans wdr-23, which contains five SKN-1 binding elements [(A/T)(A/T) T(G/A)TCAT] (33), was used as the reference sequence.
Real-time PCR. Quantitative real-time reverse transcription-PCR (RT-PCR) was used to measure mRNA levels in L4 to young adult stage worms as described previously (21, 25) .
Hypodermal nucleus measurements. Young adult worms were washed in phosphate-buffered saline (PBS) buffer (2.7 mM KCl, 138 mM NaCl, 1.5 mM KH 2 PO 4 , 20.4 mM Na 2 HPO 4 , pH 7.2) and fixed in 1% formaldehyde for 10 min at room temperature. Fixed worms were frozen and thawed three times with a dry ice-ethanol (EtOH) slush and 37°C water, followed by dehydration with 60% isopropanol for 2 min. Worms were then stained with 20 g/ml Hoechst 33342 (catalog number H1399; Molecular Probes, Inc., Eugene, OR) for 15 min at room temperature. The intensities of the stained hypodermal nuclei were determined from microdensitometry as described elsewhere (34) ; images were analyzed in Image J 1.45S (NIH). The ploidy of hypodermal nuclei was calculated by 
RESULTS
Derepression of SKN-1 reduces growth and reproduction. We previously reported that worms homozygous for a deletion allele of wdr-23(tm1817) grow slowly compared to wild-type worms (21) . Here, we further characterized these worms to understand wdr-23 function in more detail. In C. elegans, small body size can be caused by slow larval development or a cuticle defect that results in a short and wide "dumpy" morphology (35) . As shown in Fig. 1A , wdr-23(tm1817) worms are smaller than age-matched (48 h after L1 arrest stage) wild-type worms but not dumpy, making a cuticle defect unlikely. To determine if larval development is delayed, we determined the fraction of gravid adults in populations of age-matched wild-type and wdr-23 worms over 4 days by counting. As shown in Fig. 1B , wdr-23 worms took longer to develop into adults than wild-type worms and this delay was partially reversed by skn-1(RNAi). We also measured the lengths of worms developmentally matched at the L4 larval stage and found that wdr-23 L4 larval worms were 15% shorter than wild-type L4 worms (798.7 Ϯ 14.08 and 676.4 Ϯ 21.15 m for N2 and wdr-23 worms, respectively; P Ͻ 0.0001, n ϭ 12). Slow development and small body size can be caused by impaired feeding (35) . However, the pharyngeal pumping rate of wdr-23 worms was not different from that of wild-type worms (124.7 Ϯ 4.31 and 127.8 Ϯ 2.19 pumps per minute for N2 and wdr-23 worms, respectively; P ϭ 0.58, n ϭ 20 to 30). Given that skn-1 plays an essential role in embryogenesis (36) , it was possible that derepression of the transcription factor could impair larval growth indirectly by manipulating organ development. To determine if postembryonic loss of wdr-23 is sufficient to impair growth and development, we initiated wdr-23(RNAi) in eri-1 RNAi-hypersensitive worms starting at the L1 larval stage. As shown in Fig. 1C , wdr-23(RNAi) reduced growth significantly, demonstrating that postembryonic loss of wdr-23 is sufficient to retard growth. Furthermore, there were no obvious size or morphological defects in wdr-23(tm1817) L1 larval worms (Fig. 1D) .
As shown in Fig. 1E , wdr-23(tm1817) worms also have dramatically reduced brood sizes and silencing of skn-1 increased the number of eggs laid by 78%. As shown in Fig. 1F , real-time RT-PCR confirmed the ability of skn-1(RNAi) to reduce skn-1 mRNA levels in N2 and wdr-23(tm1817) worms; we previously demonstrated that this feeding skn-1(RNAi) clone also reduces SKN-1 protein levels (21) . Taken together, these results demonstrate that wdr-23 plays an important role in promoting larval growth, larval development, and reproduction. Given that WDR-23 directly and strongly represses SKN-1 (21) and that silencing of skn-1 suppresses these phenotypes, we conclude that wdr-23 mediates these functions at least partly by tightly regulating SKN-1. The tm1817 allele has a complete deletion of exon six, which is predicted to cause a frameshift. The Affymetrix microarray probe (192424_s_at) corresponding to wdr-23 covers exons 7 to 10 and therefore should hybridize with the mutant transcript. We performed real-time RT-PCR with primers outside the deletion to verify the microarray results. As shown in Fig. 2A , wdr-23 mRNA levels were over 5-fold greater in wdr-23(tm1817) worms than in 
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wild-type worms and this elevation was completely dependent on skn-1. These data demonstrate that wdr-23 is regulated by skn-1.
We next wanted to characterize where wdr-23 is expressed and where it is regulated by SKN-1. We previously reported the subcellular expression of full-length WDR-23 fused to GFP (21) but did not evaluate the broader distribution of wdr-23 expression in detail. In addition, there are two splice variants of wdr-23 with distinct start codons that were not distinguished by our previous full-length genomic fusion protein (21) or real-time RT-PCR ( Fig.  2A ). For the current study, we used transcriptional constructs without any wdr-23 coding sequence to determine the distribution of wdr-23 promoter activity. As shown in Fig. S1 in the supplemental material, promoters for both wdr-23a and wdr-23b were active in a broad range of tissues. Tissues with consistent GFP expression in three independent lines included the intestine, hypodermis, and muscle. GFP was also observed in other less-recognizable cells in the head and tail.
We then treated these transgenic animals with wdr-23 and skn-1 RNAi to determine if autoregulation was tissue or variant specific. As expected, wdr-23(RNAi) strongly increased expression of both variants (Fig. 2B ). GFP induction was broad but particularly strong in the intestine, which is an important site of SKN-1 regulation and function (10, 21) . When combined in the same animals, skn-1(RNAi) blocked induction of both transgenes by wdr-23(RNAi) (Fig. 2B) , which is consistent with the real-time RT-PCR data ( Fig. 2A) . Taken together, the data in Fig. 2 Fig. 3A . The 5= regulatory region of the wdr-23 gene contains five SKN-1 binding elements (SBEs) within 1 kb of the wdr-23a start codon. SBE sequences were previously defined in vitro (33) . In addition, the modENCODE (model organism encyclopedia of DNA elements) project, a functional genomics consortium for model organisms, used chromatin immunoprecipitation-sequencing data to rate wdr-23 as the most likely gene promoter to be bound by SKN-1 (significance score of 2.5 ϫ10 Ϫ289 ) (37); original plots are shown in Fig. S2 in the supplemental material and redrawn to scale in Fig. 3A . Three of the SBEs (SBE1 to SEB3) upstream of the wdr-23 start codons overlap this highly significant peak (Fig. 3A) .
To test if SKN-1 can associate with the wdr-23 promoter, we performed yeast one-hybrid analysis with SKN-1 and a 528-bp region of the wdr-23 promoter that includes SBE1 to SEB3 and overlaps the binding site identified via chromatin immunoprecipitation (bp Ϫ1024 to Ϫ496 relative to the start codon of wdr23a). As shown in Fig. 3B , SKN-1 fused to the activation domain of GAL4 robustly activated lacZ expression driven by the 528-bp fragment of the wdr-23 promoter. Interestingly, mutation of any single SBE reduced lacZ expression by at least 77.8%, suggesting cooperative regulation of wdr-23 by SKN-1 via all three SBEs. Expression of SKN-1 alone, without fusion to GAL4, activated the wild-type 528-bp wdr-23 promoter region to a level similar to that of the GAL4-AD-SKN-1 fusion protein, demonstrating that this cooperation does not require GAL4 (not shown). To verify direct We next wanted to determine if the three SBEs were required for SKN-1 to regulate wdr-23 in vivo. As shown in Fig. 3D , mutation of all three SBEs (SBE1 to SEB3) abolished activation of wdr-23 transcriptional reporters by wdr-23 silencing. These results demonstrate that binding of the promoter by SKN-1 is required for autoregulation of wdr-23 in vivo.
wdr-23 is induced by electrophiles via SKN-1. Direct regulation by SKN-1 suggests that wdr-23 may be induced during stress. We have tested many compounds and found that xenobiotics with electrophilic reactivity generally cause greater induction of SKN-1 target genes with less toxicity than reactive oxygen species or generators of reactive oxygen species (Choe et al., unpublished) . We previously performed microarray experiments for worms exposed to juglone (38) , a natural allelopathic napthoquinone produced by black walnut plants that adducts to thiol groups in proteins, causes DNA damage, induces the production of reactive oxygen species (39, 40) , and strongly activates SKN-1 target genes in C. elegans (21, 38) . As shown in Fig. 4A , wdr-23 mRNA levels were increased 2.6-fold after a 1-h exposure to a sublethal level of juglone.
To test if other xenobiotics are capable of activating wdr-23, we also tested the neurotoxin and suspected carcinogen acrylamide, an electrophile present in cooked food (41) that forms protein adducts (42) , elevates reactive oxygen species and lipid peroxidation, depletes glutathione (43, 44) , and strongly activates SKN-1 target genes in C. elegans (45) . As shown in Fig. 4B , quantitative RT-PCR detected a 2.67-fold increase in wdr-23 mRNA levels following an overnight exposure to 7 mM acrylamide. Silencing of skn-1 almost completely prevented induction of wdr-23 mRNA, demonstrating that skn-1 is required for induction of wdr-23 by stress. 
We next treated Pwdr-23a::GFP-expressing worms with acrylamide to identify the tissues in which wdr-23 is induced. As shown in Fig. 4C , Pwdr-23a::GFP was strongly induced in many tissues, including the pharynx, body wall and vulva muscle, intestine, and neurons. Silencing of skn-1 suppressed most of this activation. Strong reporter expression remained in the pharynx, but this tissue has been shown to be resistant to RNAi (21, 45) . We then determined if induction of wdr-23 by acrylamide requires SBE1 to SEB3 by exposing worms with transgenes containing mutated binding sites (same mutations used in Fig. 3D ) to acrylamide. As shown in Fig. 4D , the mutated wdr-23a reporter was not induced. Essentially identical results were obtained for Pwdr-23b::GFP (see Fig. S4 in the supplemental material), indicating that both variants require SKN-1 binding to be activated during stress.
SKN-1 regulation of wdr-23 is conserved in Caenorhabditis.
We recently demonstrated that orthologs of KEAP1 are present in diverse animal phyla with the exception of nematodes (20) . Conversely, WDR-23 and SKN-1 are present in diverse nematode species, and therefore it is possible that WDR-23 has been evolutionarily coopted to replace KEAP1 in roundworms (20) . Caenorhabditis is a large, diverse, and old (Ͼ100 million years) genus in which genome sequences are available for a few species (46) . Despite a shared general anatomy, genetic divergence within this genus is large and comparative analysis between Caenorhabditis species can help identify functionally important cis regulatory sequences (47) (48) (49) .
We first compared the structures of wdr-23 promoters in three Caenorhabditis species (C. elegans, C. remanei, and C. briggsae) by making an alignment of genomic sequences upstream of wdr-23 start codons. As shown in Fig. 5A, wdr-23 promoters from all species contain at least two canonical SBEs, and conservation of bases is high at these sites. Using C. elegans as a reference, SBE1 and SBE4 are found in all species and SBE2 is found in all species except C. briggsae. C. remanei has an additional SBE not found in C. elegans or C. briggsae. We also found multiple SBEs within the first few introns of wdr-23 in all species (5, 11, and 8 for C. elegans, C. remanei, and C. briggsae, respectively) that could also contribute to regulation (not shown).
We next tested for conservation of regulation by determining if acrylamide could induce wdr-23 in C. briggsae and C. remanei by a mechanism that requires skn-1. Although these species are normally refractory to environmental RNAi, transgenic expression of a putative C. elegans dsRNA channel component (SID-2) permits RNAi by feeding (50) . As shown in Fig. 5B , acrylamide had no effect on skn-1 expression in any species. Alternatively, skn-1(RNAi) reduced skn-1 mRNA levels in all species [reduced to 54.5% Ϯ 0.1% relative to worms with acrylamide and control (RNAi) in C. elegans], confirming that feeding skn-1(RNAi) was functioning in all species. We then measured mRNA levels for two detoxification genes known to be activated by SKN-1 in C. elegans, gst-4 and gst-30 (21) , to determine if SKN-1 is activated by acrylamide in all species and to further verify that skn-1(RNAi) was 
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functioning. As shown in Fig. 5C and D, both detoxification genes were induced by acrylamide in all species and this induction was reduced by skn-1(RNAi). Lastly, we tested for regulation of wdr-23. As shown in Fig. 5E , wdr-23 mRNA was also induced by acrylamide in all species and this induction was also abolished by skn-1(RNAi). Interestingly, wdr-23 mRNA induction was even greater in C. briggsae and C. remanei than in C. elegans.
Taken together, the data in Fig. 5 demonstrate that induction of wdr-23 by an electrophile via SKN-1 is conserved among Caenorhabditis species. These results suggest that SKN-1 regulation of wdr-23 was likely conserved over the last ϳ100 million years (the estimated divergence date for C. elegans and C. briggsae) and suggest that it serves important physiological and/or developmental functions. Surprisingly, only one of the three SBEs that we demonstrated to be critical for regulation of wdr-23 by SKN-1 and acrylamide in C. elegans (SBE1) ( Fig. 3 and 4 ; see Fig. S3 and S4 in the supplemental material) is completely conserved by all three species, implying that there may be some divergence in the regulatory sequences utilized by SKN-1.
Feedback regulates basal and stress-induced cytoprotective gene expression. Regulatory loops like the one between SKN-1 and wdr-23 that we have identified have evolved independently in many inducible responses (1-3, 5, 51), suggesting that they are inherently advantageous for homeostasis of stress responses. Although negative feedback is usually implied, the importance of repressor gene regulation has not been demonstrated and fundamental questions remain regarding the kinetics of feedback, particularly with respect to how feedback is related to signal intensity. For example, does feedback predominantly impact maximal activity levels or affinity for a signal or both? Relationships between signal strength and feedback could be complex given that the activity of the transcription factor and thus activation of the repressor gene are both expected to increase nonlinearly with increasing signal (52) . It is also unclear if feedback exists in the absence of an external signal, when the activity of many stress-inducible transcription factors is low.
To begin addressing these questions for SKN-1, we generated a full-length genomic wdr-23 construct in which we mutated the three SBEs as in Fig. 3 and used it to rescue the wdr-23(tm1817) null allele ("mutated wdr-23 promoter"). Transgenes in C. elegans generated by traditional injection or microparticle bombardment methods contain multiple copies. To ensure physiologically relevant levels of wdr-23, we generated a single-copy insertion in the genome with a recently developed transposable element insertion method (30, 31) . A wild-type version of the rescue construct was inserted at the same genomic position to serve as a control ("wildtype wdr-23 promoter").
To confirm that the single-copy insertions were functional and to monitor SKN-1 activity in vivo, both single-copy wdr-23 insertions and wdr-23(tm1817) were crossed with a widely used GFP transcriptional reporter for the SKN-1 target gene, gst-4 (21, 28, 53) . Pgst-4::GFP fluorescence is extremely bright in wdr-23(tm1817) worms due to nearly complete derepression of SKN-1 (21) . Both transgenes rescued Pgst-4::GFP fluorescence (see Fig.  S5 in the supplemental material), demonstrating that they are functional.
To quantify basal SKN-1 activity and determine if feedback functions in the absence of an external signal, we performed realtime RT-PCR in the two single-copy rescue lines without Pgst-4:: GFP. As shown in Fig. 6A , wdr-23 mRNA levels were 77% lower in worms with the mutated wdr-23 promoter lacking SBE1 to SEB3. Alternatively, mRNA levels of three detoxification genes that are activated by SKN-1 (54, 55) were between 5-and 9-fold higher in the same worms. Taken together, these results suggest that SKN-1 regulates wdr-23 even under basal conditions and that this feedback is important to regulation of detoxification genes. To confirm regulation of wdr-23 by SKN-1 under basal conditions, we tested the effect of skn-1(RNAi) on an integrated Pwdr-23a::GFP transgene and measured wdr-23 mRNA by real-time RT-PCR. As shown in Fig. 6B and C, skn-1(RNAi) reduced activity of the wdr-23 promoter under basal conditions (P Ͻ 0.0001). Real-time RT-PCR confirmed a 43% decrease in wdr-23 mRNA levels by skn-1(RNAi) in N2 worms (57.6% Ϯ 3.6% of control levels; P Ͻ 0.001).
To determine if feedback via wdr-23 regulates cytoprotective gene activation, we exposed worms with mutated and control wdr-23 promoters to juglone and measured gst-4 induction with real-time RT-PCR and the Pgst-4::GFP transgene. We previously demonstrated that the threshold for lethality in late larval and adult worms is 38 M juglone (38); here we find that Pgst-4::GFP induction increases exponentially from 2 to 38 M (see Fig. S6A in the supplemental material). We exposed worms to 25 M juglone for a maximum of 6 h; we did not observe any lethality or obvious signs of toxicity (e.g., loss of motility or changes in morphology) in worms exposed to this concentration for up to 48 h (n ϭ 68 worms). As shown in Fig. 6D , gst-4 mRNA induction was 41% greater in worms with the mutated wdr-23 promoter than in control worms after 1 h of juglone and remained greater at 2 h (peak induction) and 4 h (P Ͻ 0.0001). As shown in Fig. S6B in the supplemental material, induction of Pgst-4::GFP was also greater in worms with the mutated wdr-23 promoter (P Ͻ 0.0001 for all time points after 2 h). Note that the induction of GFP reporters is typically slower than induction of endogenous mRNA (C. K.
Leung, personal communication).
Dose responses for transcriptional responses can provide kinetic insights into how a pathway responds to an environmental signal (52) . Therefore, we measured gst-4 induction with real-time RT-PCR and Pgst-4::GFP over a range of acrylamide concentrations to determine if SKN-1 regulation of wdr-23 affects the doseresponse kinetics of cytoprotective gene expression. Acrylamide is a robust and stable inducer of SKN-1, with minimal toxicity to late larval and adult worms (45, 56, 57) ; we recently reported that Pgst-4::GFP induction increases exponentially from approximately 0.7 to 10.0 mM (56) . Here, we exposed worms to four concentrations of acrylamide within this range for a maximum of 7 h; we did not observe any lethality or obvious signs of toxicity (e.g., loss of motility or changes in morphology) in worms exposed to this concentration for up to 48 h (n ϭ 68 worms). After 4 h, gst-4 mRNA and Pgst-4::GFP induction were greater in worms with the mutated wdr-23 promoter at all concentrations except the lowest ( Fig. 6E ; see Fig. S6C and D in the supplemental material), suggesting that SKN-1 regulation of wdr-23 provides negative feedback over a broad range of signal magnitudes. Interestingly, mutating the wdr-23 promoter shifted the dose-response curves to the left; for example, it took only 1.8 mM acrylamide to induce gst-4 mRNA by ϳ17-fold in worms with mutated promoters compared to 3.5 mM for worms with wild-type promoters (Fig. 6E) . Taken together, these data suggest that feedback via wdr-23 decreases the sensitivity of the transcriptional response to an environmental stimulus. 
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Interestingly, the relative differences between gst-4 mRNA and Pgst-4::GFP induction in worms with and without SBEs in the wdr-23 promoter did not appear to be equal at all concentrations ( Fig. 6E; see Fig. S6D in the supplemental material) . To compare these quantitatively, we plotted gst-4 mRNA and Pgst-4::GFP induction in worms without a mutated promoter relative to worms with the wild-type promoter at all four acrylamide concentrations in Fig. 6F and Fig. S6E in the supplemental material. The effects of mutating the promoter on gst-4 induction varied with concentration. Mutating the wdr-23 promoter had the largest effect on gst-4 induction at intermediate concentrations and its smallest effect at the highest concentration ( Fig. 6F; see Fig. S6E in the supplemental material) (P Ͻ 0.001 for 1.8 mM relative to 0.9 and 7.0 mM).
Feedback via wdr-23 regulates stress resistance, longevity, growth, and reproduction. The physiological importance of repressor gene regulation is not known for negative-feedback loops composed of a transcription factor and repressor. Given the previously known roles of wdr-23 and skn-1 in stress resistance and longevity (9, 21) and their newly recognized roles in growth and reproduction (Fig. 1) , we tested the function of feedback in these processes.
As shown in Fig. 7A and B, worms with mutated wdr-23 promoters were more resistant to a lethal dose of juglone than control 
worms (P Ͻ 0.001) and had life spans that were 16.7% longer (P Ͻ 0.0001). Therefore, SKN-1 feedback via wdr-23 decreases stress resistance and longevity. We next tested if these physiological consequences of feedback are balanced by benefits to other life history traits. When grown under nonstressed conditions, worms with mutated wdr-23 promoters were shorter after 3 days of growth and had smaller brood sizes than control worms (Fig. 7C and D) , indicating that feedback via wdr-23 has benefits to processes that would be predicted to directly improve organism fitness. We also compared these processes in the presence of acrylamide to determine if the benefits of feedback vary with signal intensity. As shown in Fig. 7C and D, these benefits were lost at the highest concentration, where feedback is minimal (Fig. 6E ) and the impact of acrylamide on these processes is greatest (57) .
After being placed on food, wild-type N2 worms develop from arrested L1 larvae to adults in approximately 48 h by progressing through four molts. Progression through larval molts was delayed and poorly synchronized in wdr-23(tm1817) worms (Table 1) . Larval development was mildly delayed in some worms with mutated wdr-23 promoters (Table 1) . Body size in C. elegans and related nematodes is driven by the number and ploidy of nuclei in the hypodermis, a syncytial tissue that covers the body and produces the outer cuticle (58) . Using a Hoechst nuclear DNA dye, we found that wdr-23(tm1817) worms have wild-type hypodermal nuclear ploidy but 39% fewer total hypodermal nuclei than wildtype N2 worms (Table 2) . Alternatively, worms with mutated wdr-23 promoters had wild-type hypodermal nuclear ploidy and numbers.
DISCUSSION
We previously demonstrated that WDR-23 is a direct repressor of SKN-1 and that loss of wdr-23 results in nearly complete deregulation of SKN-1 (21) . Here, we find that regulation of SKN-1 by WDR-23 promotes growth and reproduction at the expense of stress resistance and longevity and that SKN-1 directly activates the promoter of wdr-23, forming a negative-feedback loop similar that those found in other inducible transcriptional responses, including Nrf2/keap1. By disabling the interaction between SKN-1 
R E T R A C T E D
and the wdr-23 promoter in vivo, we demonstrate that feedback regulates the balance between competing life history traits controlled by SKN-1. Our data also demonstrate that feedback does not simply attenuate the detoxification/antioxidant response; it determines initial sensitivity to an environmental signal. We also find that negative feedback is reduced at high induction levels when maximum SKN-1 activity is needed to ensure survival. A model incorporating our results is shown in Fig. 8 and is discussed below. Antagonistic control of life history traits by WDR-23 and SKN-1. Evolutionary theories such as "antagonistic pleiotropy" and "disposable soma" propose that aging is the result of tradeoffs between proliferation (i.e., growth and reproduction) and somatic maintenance (i.e., stress resistance and longevity) and that natural selection may favor gene alleles that promote the former at the expense of the latter (59, 60) . While several links between life history traits in animals have been described, the nature and regulation of links are still poorly understood and few pathways with clear antagonistic control of proliferation and maintenance have been described at the molecular level (61) (62) (63) (64) .
Previous studies demonstrated that SKN-1 promotes stress resistance and longevity in wild-type C. elegans and in mutants with reduced insulin signaling or protein translation (9) (10) (11) 28) . Nrf2 in mammals also promotes stress resistance and is associated with some strains of long-lived mice (12) . However, Nrf2 and SKN-1 are regulated to usually have low activity, suggesting that they may have consequences in the absence of environmental stress. Derepression of Nrf2 causes hyperkeratosis in the foregut of mouse embryos that is fatal (19) and contributes to tumorigenesis and drug resistance in human cancers (65) (66) (67) . Our current study demonstrates that derepression of SKN-1 slows larval development, reduces body size, and decreases brood size (Fig. 1) .
SKN-1 is required in early embryos to specify cell fates for development of the pharynx and intestine (36) , raising the possibility that wdr-23 phenotypes are the result of improper embryonic development. Two of our findings are inconsistent with this explanation: (i) slow growth begins predominantly at postembryonic larval stages in wdr-23 mutants (Fig. 1) and (ii) growth is also reduced by wdr-23(RNAi) initiated at the first larval stage (Fig. 1) . Normal pharyngeal pumping rates in wdr-23 worms suggest that impaired feeding is also an unlikely mechanism. Many phenotypes could occur if wdr-23 worms were generally unhealthy. However, wdr-23 loss-of-function worms are long-lived and resistant to xenobiotic and oxidative stressors (21, 22) , arguing against this mechanism. The absence of an effect on ploidy suggests that wdr-23 is not required for endoreduplication in the hypodermis, which is thought to drive body size in nematodes (58) . Alternatively, the 39% reduction in hypodermal nuclear number that we observed in wdr-23(tm1817) worms (Table 2) suggests that wdr-23 could be required for production or maintenance of hypodermal nuclei. Interestingly, Nrf2 and Keap1 have been reported to have complex roles in cell proliferation and tumorigenesis in mammals and Drosophila, but the mechanisms are poorly understood (18, 19, 68, 69) . Given the conserved and central function of CNCs in cytoprotection, understanding the pleiotropic functions of wdr-23 and skn-1 could provide fundamental molecular insights into how stress responses are coordinated with development and reproduction and how interactions between life history traits constrain longevity. In addition, understanding effects of CNCs on fundamental developmental and physiological processes will be important for the safe implementation of preventative chemotherapy based on constitutive activation of Nrf2 (16, 70) .
Feedback regulation of SKN-1. Under basal conditions, the consequences of Nrf2 and SKN-1 are mitigated by KEAP1 (19, (65) (66) (67) and WDR-23 ( Fig. 1) , respectively. However, CNCs, like other inducible factors, are dynamic. Regulatory loops, which are common in stress-inducible responses, have the potential to provide dynamic regulation in response to variable environmental conditions. Two-component signaling circuits in which a transcription factor induces the expression of an interacting regulatory protein were found to be common in yeast and have been termed "mixed-feedback motifs" (71); mixed-feedback motifs can generate positive or negative regulation depending on the nature of the protein-protein interaction (71) . SKN-1/wdr-23 ( Fig. 2 to  4 ) and Nrf2/keap1 (2) are examples of mixed-feedback motifs in which the transcription factor activates the expression of a repressor. Repression by a protein-protein interaction, which relies on transcription and translation of the repressor, is thought to promote more-rapid feedback than self-transcriptional repression, which relies on mRNA and protein turnover (71) . Given that WDR-23 and KEAP1 are not related (20) , feedback via these two E3 ligase adaptors must have evolved independently. Other examples of mixed-feedback motifs functioning as negative-feedback loops include p53 and MDM2 (1), hypoxia-inducible factor 1␣ and prolyl hydroxylases (3), heat shock factor 1 and chaperones (4), and regulation of nuclear factor k␤ (5).
The frequent occurrence and independent evolution of mixedfeedback motifs functioning as negative-feedback loops suggest that they possess inherent advantages for regulating responses to environmental stress (71) . Although negative feedback is often implied, our study is the first to quantitatively assess the importance of feedback. We demonstrate that feedback via wdr-23 regulates the balance between the competing in vivo physiological life history traits of growth and reproduction versus stress resistance and longevity (Fig. 7) . Our results with the core SKN-1 target (21) . SKN-1 promotes stress resistance and longevity (9, 11, 21) but also has negative impacts on growth and reproduction when repression by WDR-23 is lost (Fig. 1) . Interaction 2: SKN-1 directly regulates wdr-23 mRNA (Fig. 2 to 4 ). Interaction 3: high levels of signal override feedback repression of SKN-1 ( Fig. 6F ; see 
gene gst-4 suggest that feedback represses SKN-1 under basal conditions and reduces induction in response to electrophiles (Fig. 6 ). Disabling feedback also dramatically reduced the electrophile concentration needed to induce gst-4 mRNA (Fig. 6) . The latter result indicates that feedback does not simply attenuate SKN-1 after it is activated; it instead determines the sensitivity of the response to an environmental stimulus (Fig. 8A,  interaction 1) .
A working model of regulatory interactions between WDR-23 and SKN-1 over a range of signal levels is shown in Fig. 8B . The increase in feedback repression of SKN-1 that we observed as acrylamide (signal) levels rose from low to medium (Fig. 6F and 8B, line 1) was likely the result of increased wdr-23 induction (Fig.  8B, line 2) . As acrylamide levels rose from medium to high, feedback repression of SKN-1 decreased (Fig. 8B, line 1; Fig. 6F ). Benefits of feedback to growth and reproduction were also attenuated at the highest acrylamide concentrations (Fig. 7) . Taken together, these results indicate that high doses of inducer may override feedback repression of SKN-1 (line 3) by an unknown posttranscriptional mechanism. Disabling feedback at high stimulus levels may ensure maximum activation of cytoprotective genes under potentially fatal conditions when tradeoffs with long-term processes such as growth and reproduction are far less detrimental than death.
For Nrf2, it is clear that KEAP1 is a sensor that is covalently modified, and disabled, by oxidants and electrophiles (72) . Further work is needed to define the mechanism for disabling feedback between SKN-1 and WDR-23. Like KEAP1, WDR-23 has multiple cysteine residues (17 total) that could serve as redox sensors (21) . Posttranslational modification of SKN-1 could also disable feedback. SKN-1 is phosphorylated by p38 mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinase (ERK) MAPK, glycogen synthase kinase 3, and insulin-like signaling cascades (9, (73) (74) (75) , and we have observed that these residues mediate interactions with WDR-23 (C. K. Leung and K. P. Choe, unpublished observations). Combining the sensor and feedback in the same molecules may allow dynamic feedback that matches pathway activity to needs dictated by the environment. After removal of stress, override would be removed and high levels of repressor could promote recovery of long-term processes such as growth and reproduction.
Our model provides a framework to which other negativefeedback loops in transcriptional responses can be compared. It will be important to determine if the functions of the SKN-1/ wdr-23 regulatory loop are generic features of inducible stress responses. If so, then it would help explain the widespread occurrence and independent evolution of mixed-feedback motifs functioning as negative-feedback loops in many cellular responses to the environment.
